Introduction
Acute rejection is an allograft destructive immune response that may occur at any time during the life span of an organ transplant. The mechanistic pathways of acute rejection are being resolved, and the consequences of immune rejection are evidenced by graft dysfunction and classified by histological features of the allograft biopsy specimen [1 ] . Percutaneous needle biopsy of the renal allograft is currently used to diagnose acute rejection of renal allografts. Apart from being an invasive procedure, sampling errors and interobserver variations are additional concerns [2,3].
We have hypothesized a time-line model to illustrate the development of acute rejection as a continuum, with initial events identified by molecular perturbations, and histological changes and clinical manifestations being relatively latter events ([4 ] , Fig. 1 ). In this conceptualization, biomarkers may serve not only as diagnostic parameters but also as predictive biomarkers that anticipate the subsequent development of subclinical and clinical acute rejection. Towards these objectives, we and others have investigated the hypotheses that urine and peripheral blood cell profiles offer a noninvasive means of predicting the development of acute rejection and are diagnostic of biopsy confirmed acute rejection (reviewed in [4 ] ). In our laboratory, we have also tested the postulate that urinary cell mRNA profiles that include measurement of mRNA for forkhead box P3 (FOXP3) predict the outcome of an episode of acute rejection [5] . Whereas our studies have been hypothesis driven and focused on mechanistically related genes, others have cast a wider net by the clinical application of 'omics technology and have developed biomarkers predictive of allograft status [6, 7 ] .
Platforms for biomarker discovery and validation
Existing technologies to investigate gene expression patterns can be considered as those that are hypothesis testing (candidate-gene approach) or hypothesis generating (genome-wide sweep). Each approach has its own merits and limitations, and we believe that the two strategies are complementary rather than competitive. In addition to nucleic acid-based assays, proteomics and metabolomics-based approaches represent additional avenues for the development of biomarkers of allograft status.
Techniques have evolved to assess cell functions as well. Enzyme-linked immunosorbent spot (ELISPOT) assay testing detects the production of cytokines such as interferon-gamma (IFNg) in response to alloantigens, whereas the ImmuKnow assay (Cylex, Inc., Columbia, Maryland, USA) exploits ATP production in response to polyclonal mitogen phytohemagglutinin as a measure of immune competence.
Flow cytometry and Luminex platform (Luminex Corporation, Austin, Texas, USA) serve well to detect clinically relevant antiallograft antibodies. Some of the tools used for biomarker discovery are summarized in Table 1 and reviewed by Hartono et al. [8] .
Noninvasive biomarkers of allograft status
A number of laboratories have investigated whether urinary cell and peripheral blood cell mRNA profiles are diagnostic of acute rejection in renal allografts [4 ] . A summary of data from the published studies is provided in Table 2 ([9 -18,19 ,20 ,21-30] ).
Urinary cell mRNA profiles diagnostic of acute rejection of renal allografts
Cytotoxic T lymphocytes (CTLs) have been implicated in allograft rejection, and data show that both perforin and granzyme B contribute to the cytotoxic T-cell machinery. Li et al. [9] investigated the hypothesis that measurement of urinary cell levels of mRNA for perforin and granzyme B offers a noninvasive means of diagnosing acute rejection of renal allografts and reported that acute rejection is predicted with a high degree of accuracy by urinary cell levels of perforin mRNA and granzyme B mRNA. Muthukumar et al. [10] and Dadhania et al. [11] have confirmed that the levels of mRNAs encoding cytotoxic attack molecules are diagnostic of acute rejection of renal allografts and showed further that mRNA for serine proteinase inhibitor-9 (PI-9), an endogenous antagonist of granzyme B, is increased in urine of patients with acute rejection [10] , and bacterial urinary tract infection (UTI) in renal allograft recipients is not associated with an increase in the levels of granzyme B in urine [11] .
The cell surface protein CD103 is a natural ligand for E-cadherin, and Ding et al. [12] reported that CD103 mRNA levels in urine are higher in patients with acute rejection as compared with those without acute rejection. Urinary cell levels of mRNA for granulysin, an effector molecule expressed on cytotoxic T cells, were found to be diagnostic of acute rejection by Kotsch et al. [13] . Urinary cell levels of mRNA for chemokines and chemokine receptors have also been associated with acute rejection of renal allografts. Tatapudi et al. [14] reported that levels of inducible protein 10 (IP-10) mRNA and chemokine (CXC motif) receptor 3 (CXCR3) mRNA are diagnostic of acute rejection, and Matz et al. [15] observed that levels of IP-10 mRNA as well as levels of IP-10 protein are diagnostic of acute rejection.
The role of FOXP3-expressing T regulatory cells in transplantation is being explored in a number of laboratories. Muthukumar et al.
[5] measured urinary cell levels of FOXP3 mRNA in renal allograft recipients and reported that levels of mRNA for FOXP3 in urine is increased during an episode of acute rejection, and the levels were inversely correlated with serum creatinine levels measured at the time of biopsy in the acute rejection group. NKG2D, the activating cytotoxicity receptor, is expressed by all human natural killer cells and was reported by Seiler et al. [17] that acute rejection of renal allografts is associated with an increase in urinary cell levels of NKG2D mRNA.
Urinary cell levels of mRNA for T-cell immunoglobulin domain (TIM-3), a type 1 membrane protein selectively expressed on the surface of terminally differentiated T-helper 1 cells, have been associated with acute rejection by Renesto et al. [18] and by Manfro et al. [19 ] . Importantly, in the investigation by Manfro et al. [19 ] , urinary cell TIM-3 mRNA levels distinguished the 28 renal allograft recipients with delayed graft function (DGF) and biopsy diagnosis of acute rejection and acute In this formulation, rejection defined by molecular markers precedes histologically defined rejection and this precedes clinically defined rejection. The hypothesis that early intervention is efficacious is an important rationale for the development of molecular surveillance strategies to anticipate histologic and clinical rejection. Reproduced with permission from [4 ]. tubular necrosis (ATN) from the 22 recipients with DGF and biopsy diagnosis of ATN with a sensitivity of 100% and specificity of 100% [19 ] . Aquino-Dias et al. [20 ] have extended the diagnostic accuracy of mRNA profiles in recipients with DGF and reported that urinary cell levels of mRNA for perforin, granzyme B, Fas ligand (FasL), PI-9, and FOXP3 predict acute rejection with a very high degree of accuracy. In this study, urinary cell FOXP3 mRNA levels were the most accurate and predicted acute rejection with a sensitivity of 100% and a specificity of 100%.
Immune response directed at infections could confound the diagnostic utility of inflammatory gene-based signatures of acute rejection, and a number of laboratories have addressed this important concern. Whereas Dadhania et al. [11] found that granzyme B mRNA levels are not increased in renal allograft recipients with bacterial UTI, Yannaraki et al. [16] reported that mRNAs were not only increased during acute rejection but also in patients diagnosed with complications such as UTI, cytomegalovirus (CMV) infection, and DGF. In accord with findings of Dadhania et al. [11] that UTI is not associated with an increase in granzyme B mRNA in urine, Ozbay et al. [21] found that granzyme B mRNA levels in urine are not increased in renal allograft recipients with bacteriuria and that both granzyme B and granulysin levels in urine distinguish acute rejection from bacteriuria. It was also found in this study that perforin mRNA levels distinguish acute rejection from CMV infection. 
Peripheral blood cell mRNA profiles diagnostic of acute rejection of allografts
Vasconcellos et al. [22] investigated expression patterns of mRNA for perforin, granzyme B, and FasL in peripheral blood mononuclear cells (PBMCs) collected from renal transplant recipients and reported that perforin mRNA predicted acute rejection with a sensitivity of 82% and a specificity of 85%; granzyme B mRNA predicted with a sensitivity of 55% and a specificity of 85%, and FasL with a sensitivity of 100% and a specificity of 75%. In this study, the upregulated expression of two or more genes was diagnostic of acute rejection with a positive predictive value of 100% and a lack of upregulation of any gene ruled out rejection with a negative predictive value of 95%.
The expression patterns of mRNA for cytokines have also been found to be informative of allograft status. Dugre et al. [23] reported that levels of mRNA for interleukin (IL)-4, IL-5, IL-6, IFNg, as well as perforin, and granzyme B mRNA levels were correlates of acute rejection of renal allografts. Levels of mRNAs for proteins central to costimulation have been associated with acute rejection. Shoker et al. [24] have reported that peripheral blood cell CD40L mRNA levels are higher in kidney allograft recipients with acute rejection, chronic allograft nephropathy (CAN), or both, and their levels were also predictive of acute rejection severity. 
Biomarkers predictive of subsequent development of acute rejection

Emerging biomarkers of renal allograft rejection
The association between the presence of donor-specific antibodies and acute rejection has been noted in the late 1970s [40] . With the effective control of T-cell-mediated acute rejection with the current immunosuppressive regimens, antibody-mediated rejection (AMR) of renal allograft has re-emerged as an important posttransplant complication.
Ashton-Chess et al. [41 ] investigated mRNA for Tribbles-1 (TRIB1) as a biomarker for chronic AMR. TRIB1, an intracellular human homolog of Drosophila tribbles is involved in Toll-like receptor-mediated response and in the regulation of nuclear factor kappa B and mitogen-activated protein kinases. Intragraft expression of TRIB1 mRNA was higher in biopsies with chronic AMR as compared with normal one. PBMC levels of TRIB1 mRNA were also higher during chronic AMR. Levels of TRIB1 mRNA in biopsy samples and PBMC distinguished transplant glomerulopathy with positive C4d staining and antihuman leukocyte antigen (HLA) antibodies from transplant glomerulopathy without positive C4d staining and anti-HLA antibodies. The authors did not find urinary cell levels TRIB1 mRNA to be informative of chronic AMR. Further studies examining the clinical utility of TRIB1 as a biomarker for antibody-mediated rejection are worthy of pursuit.
Sis et al.
[42 ] investigated 173 renal allograft biopsies for-cause for intragraft expression of endothelial-associated transcripts (ENDATs) with the use of Affymetrix microarrays (Affymetrix, Inc., Santa Clara, California, USA). The mean ENDAT scores were higher in biopsies showing rejection and were also higher in AMR as compared with T-cell-mediated rejection. Death censored graft survival rates were inferior in those with antibodies, C4d, and a high ENDAT score (ACE group) as compared with no ACE group. However, a high ENDAT score alone or the presence of antibodies alone did not impact graft survival.
MicroRNAs as biomarkers of allograft status
MicroRNAs (miRNAs) are small noncoding RNAs approximately 22 nucleotides long that regulate gene expression by inducing translational repression, mRNA degradation, transcriptional inhibition, or all [43] . A single miRNA has the ability to regulate the expression of hundreds of mRNAs. miRNAs have been shown to control processes such as cellular survival, development, differentiation, proliferation [44] , as well as modulate both innate and adaptive immunity [45] . Anglicheau et al. [46 ] recently identified several miRNAs predictive of acute rejection of human renal allografts. The hypothesis that urinary cell and/or peripheral blood cell miRNA expression profiles are predictive, diagnostic and/or prognostic biomarkers of allografts is worthy of investigation.
Potential confounding factors
Issues related to bacterial infections confounding the diagnostic utility of inflammatory gene-based signatures of acute rejection have been addressed in the earlier section. Herein, we discuss the issues related to polyomavirus BK-associated nephropathy (PVAN) [47] . An existing challenge is to distinguish allograft dysfunction due to PVAN from acute rejection. Rogers et al. [48] investigated whether immunophenotyping of renal allograft infiltrates help in the differential diagnosis of PVAN versus acute rejection. The investigators performed immunohistochemical analysis of 10 biopsy samples from 10 renal allograft recipients with PVAN and 20 biopsy samples from 20 patients with acute rejection. They found that the percentage of perforin-positive cells were significantly different between the PVAN and acute rejection biopsies; they also found that the percentages of CD20-stained cells and granzyme B-positive cells were not different between the PVAN and acute rejection biopsies [48] . Mannon et al. [49] investigated mRNA profiles of renal allograft biopsies from 10 patients with PVAN and from 17 patients with acute rejection. Banff inflammation and tubulitis scores were not different between the two groups, whereas transcripts for CD8, CXCR3, perforin, HLA-DR, and IFNg were significantly higher in the PVAN biopsies as compared with the acute rejection group. Moreover, mRNA for transforming growth factor-b, matrix metallopeptidases 2 and 9, collagens I and IV, and fibronectin were higher in the PVAN group as compared with the acute rejection group [49] . An important goal in this area is to investigate whether acute rejection could be distinguished from PVAN noninvasively. In this regard, a major challenge is to exclude the possibility that the inflammatory signal associated with PVAN is due to PVAN alone and not due to coexisting acute rejection.
Technical issues may also confound biomarker discovery. Excessive globin mRNA in red blood cells has been reported to influence expression profiling of whole blood specimens. Field et al. [50] reported that globin reduction resulted in the detection of additional 2652 AE 395 genes when the Affymetrix HU133A 2.0 arrays (Affymetrix, Inc., Santa Clara, California) was used to profile whole blood collected using the PAXgene Blood RNA System (Qiagen, Venlo, The Netherlands). Tian et al. [51] found a lower than expected present call rates and high degree of sampleto-sample variability when whole blood samples were profiled using Affymetrix microarrays (Affymetrix, Inc., Santa Clara, California) for biomarker discovery and recommended both globin gene reduction and hybridization on Illumina BeadChips (Illumina, Inc., San Diego, California, USA). Li et al. [52] recommended the use of isolated leukocytes instead of whole blood, globin reduction, and mathematical depletion to alleviate the confounding globin molecular signatures.
Conclusion
Noninvasive strategies by allowing repetitive sampling should facilitate detection of immune rejection prior to fixed tissue injury. Importantly, noninvasive ascertained parameters may inform the timing of the biopsy procedure, and the information gleaned from both strategies may complement one another. We are optimistic of the progress to date, and anticipate clinical trials investigating the hypotheses that noninvasively ascertained mRNA profiles will minimize the need for an invasive allograft biopsy procedure, predict the development of acute rejection and CAN and facilitate preemptive therapy capable of preserving graft function, and bring about personalization of immunosuppressive therapy for the organ graft recipient.
